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METHOD FOR IMPROVING MULTIUSER 
MIMO DOWNLINK TRANSMISSIONS 

RELATED APPLICATION INFORMATION 

This application claims priority to provisional application 
No. 61/472,521 filed Apr. 6, 2012 and provisional application 
No. 61/472,715 filed on Apr. 7, 2011, the contents thereofare 
incorporated herein by reference. 

BACKGROUND 

The present invention relates to wireless communication, 
and, more particularly, to a method for improving multiuser 
MIMO downlink transmission. 

In the multi-input multi-output (MIMO) broadcast chan 
nel, also referred to as the downlink (DL) multiuser MIMO 
(MU-MIMO) channel, different data streams can be transmit 
ted via transmit antenna arrays to multiple receivers through 
the same channel resources. The Sum throughput can be sig 
nificantly increased due to the multiuser diversity. It has been 
shown that the capacity of multiuser broadcast channel can be 
achieved with dirty paper coding (DPC). However, although 
DPC can be implemented based on vector quantizers and 
powerful channel codes (e.g., low-density parity-check codes 
or turbo codes), the extremely high complexity makes it 
infeasible to be implemented in practical cellular systems. 
Therefore, the Suboptimal linear transmit precoding tech 
niques are of great interests for DL MU-MIMO due to their 
much lower complexity compared with DPC. It is shown that 
when perfect channel state information (CSI) is available at 
the base station, the linear transmit precoding performs very 
close to DPC for MIMO broadcast channel. Hence, the MU 
MIMO with low-complexity linear precoding has been 
included in the new cellular standards, e.g., the emerging 
3GPP Long Term Evolution Advanced (LTE-A) and IEEE 
802.16m. 

However, in practical FDD cellular systems, only the quan 
tized channel information can be reported from each active 
user to the serving base station. Such imperfect channel infor 
mation causes severe performance degradation when MU 
MIMO is dynamically scheduled as a transmission mode at 
the base station. For instance, in the 3GPP LTE-A standard, 
each active user reports a preferred matrix index (PMI) to the 
base station, which is an index that identifies either a particu 
lar vector in a codebook of unit norm vectors or a particular 
matrix in a codebook of semi-unitary matrices. The code 
books are known in advance to the base station as well as all 
users. Each user also reports one or more channel quality 
indices (CQIs) (per sub-band) which are its quantized esti 
mates of the signal-to-interference-plus-noise ratios (SINRs). 
Since these CQIs can be directly mapped by the base station 
to certain SINRs via look-up-tables, we will refer to the latter 
SINRs as the SINRs contained in the user's CSI report or as 
SINRs of the CSI report. The reported PMIs and CQIs are 
then employed by the base station to determine a suitable set 
of scheduled users, their transmit precoders and assigned 
rates. In 3GPP LTE standard, the reported PMIs and CQIs are 
based on the assumption of the single user (SU) MIMO trans 
missions. While such quantized SU channel reports are suf 
ficient for the link adaptation in SU-MIMO transmission, for 
MU-MIMO transmissions, such SU report results in a large 
mismatch between the channel SINR feedback and the actual 
SINR that the user sees after being scheduled. To alleviate this 
problem, the quantized channel feedback assuming 
MU-MIMO is proposed in to mitigate the SINR mismatch 
and enhance the performance of MU-MIMO. Other similar 
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2 
schemes aiming to improve the CQI accuracy for MU-MIMO 
have been actively investigated in the 3GPPLTE-A standards. 
On the other hand, in a cellular system, users are usually 

asymmetric due to their different locations in a cell, i.e., 
different distances from the base station. Some user's channel 
can be much stronger than that of another users, thus allow 
ing it to enjoy a higher average throughput. To exploit mul 
tiuser diversity gains while achieving fair resource allocation 
among all serviced users, the proportional fair (PF) schedul 
ing is a preferred approach which uses the Sum of the normal 
ized (or weighted) instantaneous user rates as the scheduling 
metric. However, for MU-MIMO such weighted sum rate 
metric brings some problems since the PF scheduling itself is 
sensitive to the accuracy of the available CSI and hence exac 
erbates the SINR mismatch problem, particularly when a user 
with a low average SNR is scheduled in a MU-MIMO trans 
mission mode. 
Among prior art techniques, there has been disclosed a 

method whereby an outer loop link adaptation (OLLA) is 
employed based on the transmission acknowledgement 
(ACK/NACK based) to improve the rate matching accuracy. 

Applicants consider a downlink (DL) multiuser (MU) 
multi-input-multi-output (MIMO) channel with linear proc 
oding where the base station schedules several user terminals 
on the same frequency Sub-band the imperfect channel state 
information at the base station, e.g., the quantized channel 
feedback report. Among two types of channel state informa 
tion (CSI) reports from user terminals, i.e., the CSI report that 
assumes the single-user (SU) MIMO transmissions and the 
enhanced CSI feedback that assumes the MU-MIMO trans 
missions. A large SINR mismatch is observed between the 
SINR feedback and the actual SNR that the user sees after 
being scheduled ifMU-MIMO is scheduled with only the SU 
CSI report available or the SU-MIMO is scheduled with only 
the MU CSI report available at the base station. The SINR 
mismatch affects the rate matching accuracy which degrades 
overall system throughput. On the other hand, the 
MU-MIMO gain over SU-MIMO is only significant in the 
high SNR region. However, with the proportional fair (PF) 
scheduling which is commonly used in the commercial cel 
lular system, the user with low SINR can be scheduled for 
MU-MIMO transmissions which not only reduce the MU 
MIMO performance gain but also could hurt the overall sys 
temperformance when SINR mismatch is involved. 

Accordingly, there is a need for improved multiuser MIMO 
downlink transmission. 

SUMMARY 

A method for improving multiple-input multiple-output 
MIMO downlink transmissions includes obtaining a channel 
state information CSI report including preferred matrix index 
PMI for precoding, channel quality index CQI and rankindex 
RI at a base station from user terminals through a channel 
feedback; applying selectively a signal-to-interference-plus 
noise-ratio SINR offset to an SINR of said CSI report; apply 
ing selectively a rate matching responsive to SINR offset or 
the CSI report; and controlling or adjusting the SINR offset. 

These and other features and advantages will become 
apparent from the following detailed description of illustra 
tive embodiments thereof, which is to be read in connection 
with the accompanying drawings. 

BRIEF DESCRIPTION OF DRAWINGS 

The disclosure will provide details in the following 
description of preferred embodiments with reference to the 
following figures wherein: 
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FIG. 1 is a schematic diagram of an SINR offset for MU 
MIMO with SU CSI report, in accordance with the invention. 

FIG. 2 is a schematic diagram of an SINR plot for SU 
MIMO with MU CSI report, in accordance with the inven 
tion. 

FIG. 3 is a diagram of an SINR approximation, in accor 
dance with the invention. 

FIG. 4 is a diagram of user pooling on a feedback mode, in 
accordance with the invention. 

FIG. 5 is a diagram of user pairing and scheduling, in 
accordance with the invention. 

FIG. 6 shows the CDF curves of the SINR mismatch 
between the SINR feedback and the actual SINR after Sched 
uling. 

FIG. 7 shows the CDF curves of the SINR mismatch 
between the SINR feedback and the actual SINR after Sched 
uling with SINR offset, Offset 1: after scaling: Offset 2: 
before SINR scaling. 

FIG. 8 depicts the normalized rate or spectral efficiency as 
a function of SINR offset A (dB). 
FIG.9 depicts the CDF curves of e, e for matching MRC 

SINR predication and actual SINR from simulations with 
rnal. 

FIG. 10 depicts the CDF curves of SINR mismatch with 
various e values. 

FIG. 11 depicts the cell average spectral efficiency as a 
function of e. r. ... =1. ra 

FIG. 12 depicts the CDF curves of e, e for matching MRC 
SINR predication and actual SINR from simulations with 
rina 2. 

FIG. 13 depicts average cell spectral efficiency of MU 
MIMO with MU feedback. 

FIG. 14 depicts Table 1: Simulation Properties. 
FIG. 15 depicts Table 2: Spectral efficiency performance of 

MU-MIMO with SU report using PF scheduling (near-or 
thogonal transmit precoding with ZF and subband size 5 RB); 
simple SINR scaling is employed; and the percentage in the 
parentheses is the gain over the SU-MIMO performance 
given in the first row. 

FIG.16 depicts Table3: Spectral efficiency performance of 
MU-MIMO with various types of reports using PF schedul 
ing (near-orthogonal transmit precoding with ZF and Sub 
band size 5 RB); the percentage in the parentheses is the gain 
over the SU-MIMO performance given in Table 2. 

FIG. 17 depicts Table 4: Spectral efficiency performance of 
MU-MIMO for various types of MU reports assuming uni 
form or non-uniform power allocation using PF scheduling 
(near-orthogonal transmit precoding with ZF and Subband 
size 5 RB, 4-bit CQI quantization); the percentage in the 
parentheses is the gain over the MU-MIMO performance 
with only the SU report given in the 2nd row. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The present invention is directed to a method to improve 
MU-MIMO system performance with an SINR offset and 
userpooling techniques for both the feedback mode selection 
and user pairing in the scheduler that enables dynamic 
switching between SU and MUMIMO transmissions. 
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4 
I: SINR Offset for SU/MU-MIMO 

Referring now to FIG. 1, there is shown a diagram of the 
SINR offset for MU-MIMO transmission when only SUCSI 
reports are available, in accordance with the invention. It is 
assumed that the user pairing is done. But note that the above 
processes within FIG. 1 can also be implemented when the 
scheduler performs the user pairing/selection for 
MU-MIMO. 

Initially SU CSI reports including preferred matrix index 
(PMI) for precoding, channel quality index (CQI) and rank 
index (RI) are obtained at a base station from the user termi 
nals through the feedback channel 101. The SINR scaling/ 
approximation to compute the SINR when the exact precod 
ers for co-scheduled streams are decided or evaluated during 
the scheduling including MU-MIMO user pairing and 
resource allocation 102. If the columns of the overall precod 
ing matrix are not orthogonal, the Zero-forcing beam forming 
is applied 103. Rate matching and MCS assignment occur at 
104. An SINR offset is applied to the SUSINR(CQI) either 
before or after the SINR scaling approximation, or both 
before or after the SINR scaling possibly with different offset 
values 105. A controller controls/adjusts the SINR offset 106. 
It can be the unit of the scheduler or combined with another 
control unit, e.g., the controller for the outer loop link adap 
tion (OLLA). 

Referring now to FIG. 2, there is shown a diagram of the 
SINR offset for SU-MIMO transmission when only MUCSI 
reports are available, in accordance with the invention. Ini 
tially, the MU CSI reports including preferred matrix index 
(PMI) for precoding, channel quality index (CQI) and rank 
index (RI) are obtained at base station from the user terminals 
through the feedback channel 201. If MU-MIMO is sched 
uled, the rate matching is based on the MU reports directly 
202. The ZF beam forming and SINR scaling in FIG. 1 can 
also be implemented here before rate matching 202. If SU 
MIMO is scheduled, an SINR offset is applied to the MU 
SINR(CQI) before the rate matching 203. A controller con 
trols/adjusts the value of the SINR offset 204. It can be the 
unit of the scheduler or combined with another control unit, 
e.g., the controller for the outer loop link adaption (OLLA). 
II: SINR Scaling/Approximation 

Referring to FIG. 3, there is shown a diagram for SINR 
approximation, in accordance with the invention. 

For channel approximation 301, based on the quantized 
channel feedback, we introduce Some of the uncertainty. At 
the base station, the channel seen by user- can be approxi 
mated as H=(Gj+Q.R)D,"° where H, is the downlink chan 
nel matrix seen by user-, where it denotes matrix Hermitian, 
Q, is an Mx(M-r) semi-unitary matrix whose columns are a 
basis for the orthogonal complement to the range of G, (the 
reported precoder from user j) where M is the number of 
transmit antennas at the base station and r, is the feedback 
rank (RI) from userj, R, is an M-fixf, matrix which satisfies 
the Frobenius-norm constraint ||R1|ise where e can be 
determined based on the size of the quantization codebook 
and the channel statistics, D, S, diag(y1,..., Yr, } and Y, are 
the SINR feedback for the ith stream of userj. Here 

i Si 
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for SU reports and 

for MU reports, respectively, where p is the total average 
power of all co-scheduled streams assumed by the userjin its 
SINR computations and S is the total number of co-scheduled 
streams or total rank 
Then the signal received model is built with an approxi 

mated channel 302 in one of two ways: a) the same signal 
model expression as the original MU-MIMO with channel 
matrix replaced by the approximation channel or b) a simpli 
fied model in which the introduced channel uncertainty 
affects only the interfering streams. For example, the channel 
output seen by the user-1 can be modeled as 

10 

15 

6 

a 4. |uiG, D, 
mn fa, al?2? fa, Alf2 2 Rec"11: Rise? |uiG, D, II+|uiG, D, Hull 

which can be simplified as 

|46, b." 
a la 2 a -a a a la 2 |uic, b +(u,G,D,Guit cluG b|oul) 

For this case, we can extend it to the general case with more 
than 2 users and multiple streams per user. Assume that the 
precoding matrix U is employed for userk, k=1,...Q. where 
Q is the total number of co-scheduled users. Denotingu, as 
the ith column of the precoding matrix U, and U, as the 
matrix obtained from U with the removal of the ith column, 
the minimized SINR is then given by 

a 2 M M -- a -a a a 2 |4.6 bi +|4.6, b. U. XX(4.6, DGuilt cle, 6, b|olu.) 
or with ZF, 

a 4. 6, D'I 

where uji=1,2, is the transmit precoding vector for userjand 
sj=1, 2, is the modulated data symbol vector for userj. m, is 
the noise vector seen at userj. 

Based on the signal model, we compute the SINR for a 
certain receiver, e.g., MMSE receiver or maximum ratio com 
bining (MRC) receiver 303. 

Then for the SINR approximation 304: Given a constraint 
on the uncertainty in the channel model ||Rise, we find the 
conservative SINR approximation and use it as the estimated 
SINR for rate matching and MCS assignment. We assume 
2-user pairing and one stream per user. 

a) For original MIMO signal model with approximated 
channel, the worst SINR for the MMSE receiver can be 
found from the following optimization: 

-l 
u Hi (I -- Hulu, H) Hitti, 

which can be solved by semidefinite programming (SDP). 
b) For the simplified model, the worst SINR for the MMSE 

receiver can be found from the following optimization: 

| ali2 at M M li2 min ui GDI+ Hulu, H) bou, 

which can be solved by bisection search. 
c) For the simplified model, the worst SINR for the MRC 

receiver can be found by 
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I+|u, Gib GUI + c |u, Gib, Ian (of 10.) 

where ...(Q,"U) denotes the maximal eigen value of 
UQ, Q, U, and U.AU,..., Ul, i.e., the composite MU 
precoding for all the co-scheduled users except user-1 
A simpler version of SINR approximation: SINR scaling: 

in this case, we only model the channel covariance S–H.H, 
by S-SA G.D.G, based on precoder and SINR feedbacks. So 
the approximated SINR is then 

Ci. s. and Sinri, i = 1 - a 
- i = 1, ... r;. 

Anti-inti . . . . 

The error bound e can be adjusted based on the channel 
statistics to obtain better performance. The above approxi 
mate SINR of the ith layer of the jth user, can be viewed as a 
scaled version of SINR of the ith layer of the jth user, con 
tained in the user's SU CSI report. The scaling factor is a 
function of the CSI report from user j, as well as those from 
the other co-scheduled users. 
III: User Pooling for MU-MIMO 

Reference is now made to FIG. 4 which illustrates the 
process of user pooling for selecting/grouping users for dif 
ferent channel feedback. Based on some feedback channel 
knowledge 401, e.g., the long term average SNR, the base 
station pools user into two or more groups 402, one group of 
users to send back the quantized instant channel information 
assuming the SU-MIMO will be scheduled and some other 
users who should send back the quantized instant channel 
information assuming the MU-MIMO will be scheduled. 
Then the base station signals to all the active users based on 
the pooling results 403 and the users follow the base station 
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instructions and send back the reports that base station 
intends to see. This process can be done in a semi-static 
a. 

Turning now to FIG. 5 and its diagram of user pairing and 
scheduling, inaccordance with the invention, the userpooling 
can be implemented in the scheduler at the base station. Based 
on various channel feedbacks (either long-term or short term, 
or both, SU, MU reports, or both) 501, and based on the 
certain metrics, the user pooling 502 is performed to select 
user for MU-MIMO pairing. Then from the pooling results, 
some users are considered for user pairing for MU-MIMO 
transmission and others are only considered for SU-MIMO 
503. Please note that user pooling can be dynamically 
changed for different Subbands. Various pooling metrics are 
defined in the provisional application. 

From the foregoing it can be appreciated that the inventive 
SINR offset, SINR scaling approximation, and user pooling 
method is efficient and improves the throughput of the MIMO 
systems in which the dynamic Switching between 
MU-MIMO and SU-MIMO transmissions is supported. The 
inventive SINR offset can be employed in conjunction with 
the outer loop link adaptation. 

2 FURTHER SYSTEM DETAILS 

We consider a narrowband MU-MIMO signal model at a 
user terminal of interest in the aftermath of scheduling. 
Assume that the base station has M transmit antennas and 
each serviced user is equipped with N receive antennas. The 
received discrete signal vector at the jth user is given by 

where HeCY is the channel matrix for the jth user and 
m-CN (0, I) is the additive noise. The signal vector x trans 
mitted by the base station can be expanded as 

(2) X = XVs: 

where U is the set of co-scheduled users, V is the MXr 
precoding matrix with unit-norm columns and rank r, and S. 
is the rx1 symbol Vector corresponding to userkel J. Further, 
let S Xr be the total number of co-scheduled streams or 
total rank. The total power for all streams is p. If we assume 
equal power allocation, the power per stream is then given by 

In LTE-A, the dynamic switching between SU-MIMO and 
MU-MIMO transmission modes is supported. For 
SU-MIMO transmissions, only the data symbols to one user 
are transmitted through one of orthogonal resources in either 
time and/or frequency domain. Thus the transmitted signal 
vector x is simply the precoded QAM symbol vector to one 
user, i.e., x-Vs. The received signal at the jth user terminalis 
then given by 

y;-H, Vshn. (3) 

3 CHANNEL FEEDBACKS FORMU-MIMO 

3.1. SU Channel Feedbacks 

We first consider the channel report which assumes the 
SU-MIMO transmission to be scheduled, i.e., SU CSI report. 
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From the signal model in (3), given a precoding matrix G, the 
expected rate that can be achieved with the optimal maximum 
likelihood (ML) decoder is given by 

log(1+p'HGGHI), (4) 

where || denotes the matrix determinant and it denotes the 
matrix Hermitian. Here we drop the user index j for notation 
simplicity. Consequently, the precoder and rank are selected 
by maximizing the above expected rate, given by 

(5) 
GeCr, F1, ... .inaa 

where C, denotes the set of precoding matrices of rank rand 
r is the maximum rank. Usually r min(N, M) unless 
the rank restriction is applied in the system. 

Denote G=g. . . . . g. When the user terminal employs a 
linear MMSE receiver, the precoder and the rank are then 
chosen by 

r (6) 

aec. 3. logl --SIN tre). 

1- pg H (1 + p HGG Hi)Hg, 
i-Sa (7) 

SINRE" (G)= 

Then the CSI reports including rankindex (RI) r, the PMI of 
the precoder G, and the quantized {SINR,'"(G)}, 
as CQIs for r layers are sent back to the base station through 
the feedback channel. 

3.2 MU Channel Feedbacks 

As will be shown below, the SINR computed by (7) assum 
ing the SU-MIMO transmission has a large discrepancy with 
the actual SINR that the user experiences after MU-MIMO 
transmission is scheduled. The SINR mismatch affects the 
performance of rate matching such that the assigned modu 
lation and coding scheme (MCS) will be either higher or 
lower than what the channel can Support. Although a small 
SINR mismatch always exists in the cellular system due to 
quantized report or outdated feedback, a severe mismatch 
will causes a large throughput degradation. To overcome this, 
a new approach for PMI selection and SINR computation at 
the user terminal is developed which assumes the MU-MIMO 
transmission to be scheduled when selecting PMI and com 
puting SINRs. 
When a user determines its feedback, the user has access 

only to an estimate of pH. The observations in (1) that include 
the precoding matrices for other users can be received only 
after the scheduling (for the current frame) has been done by 
the base station. The scheduling in turn is based on the feed 
back reports that are received from all active users. Thus, this 
is a chicken-and-egg problem which results in a SINR mis 
match. To alleviate this problem, we assume that an estimate 
of S is conveyed by the base station to each active user. In 
practice, the base station can convey an estimate of S to a user 
in a semi-static manner and Such an estimate can be either 
user-specific or a fixed value for all users. The user then 
selects PMIs and compute SINRs based on its estimates of pH 
and S using the rules described as follows. 
We assume that the user reports one PMI along with one or 

more CQIS per Sub-band (i.e., a contiguous time-frequency 
resource). The PMI identifies a precoder of rank r, where the 



US 8,750,358 B2 
9 

CQIs are quantized estimates of SINRs. Here we also assume 
that only slow rank adaptation is allowed in MU-MIMO, i.e., 
the user selects precoding matrices of a common rank for 
several consecutive frames and the base station can possibly 
inform the user about a Suitable rank rina semi-static manner. 
Next, in order to determine a suitable semi-unitary matrix G 
from a set or codebook of rank-r semi-unitary matrices, C, 
along with r SINRs, the user of interest can use the rules 
which will be described next. The key idea of these rules for 
MU-MIMO based CSI report is to use an expected covariance 
matrix of all interfering signals which is computed by assum 
ing that the co-scheduled interfering streams will be trans 
mitted along vectors isotropically distributed in the orthogo 
nal complement of the precoding vector or matrix being 
examined. 

Without loss of generality, we assume that the user of 
interest is the first user, i.e., k=1. Suppose that the user con 
siders reporting any precoder GeC'' to the base station, i.e., 
upon doing so, the transmit precoder employed by the base 
station to serve it will be V=G. The user assumes that the 
transmit precoders employed at the base station for the co 
scheduled users will lie in the null-space of V, i.e., 
V,V-0, Wk 21. Since the estimate of total number of 
streams S will be delivered to the user, the user then assumes 
that there will be S-r such co-scheduled streams for other 
users in total. DenoteX as the covariance of the noise plus the 
interference from co-scheduled streams, i.e., 

(8) Xp HV, VH' -- i. 
kEl 

When the user employs a linear MMSE receiver, a PMI is 
selected after determining r SINRs for each matrix in C. We 
now turn to lower bound approximation, where we assume 
pH(I-GG)H being the expected covariance matrix of the 
interfering streams from other co-scheduled users, where 

f 

is the power per layer of the interfering streams. The PMI 
selection rule which maximizes a lower bound on the 
expected rate obtained using the linear MMSE receiver is 
given by 

r r i-Sa (9) G = arg play 3. logl + SINRC (c) 
where 

i-Sa h(H, G, f) (10) 
SINR"(G) = 1,..., 
with 

Nonuniform Power Allocation 

In above rules for PMI selection and SINR computation, 
we assume equal power allocation, i.e., the total power is 
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10 
equally split on equal data stream in MU-MIMO transmis 
sions. The power per stream is then 

One alternate way is to consider the nonuniform power allo 
cation. When computing its SINR and selecting the PMI for 
MU-MIMO type of CSI report, the user assumes that a faction 
C. of the total powerp will be equally allocated for its desired 
r streams by the base station and the remaining portion will be 
equally shared among the co-scheduled streams for other 
users. With nonuniform power allocation, the expressions in 
(9)-(10) remain unchanged for PMI selection and SINR com 
putations. The only changes are made on the power per layer. 
Thus, for the nonuniform power allocation, the power per 
layer p" for desired date streams of the user who computes 
feedback is given 

(11) 

The power per layer of the interfering streams from co-sched 
uled users is then 

(1 - a)p (12) 
M - r 

4 BASE STATION PROCESSING FOR MU-MIMO 

4.1 Proportional FairMU-MIMO Scheduling 

Based on the feedback from all active users, the base sta 
tion allocates a user or a set of users to transmit in a certain 
resource block. Thus the scheduler at the base station needs to 
determine the user set U for MU-MIMO transmissions. 
Although the system throughput can be maximized by always 
serving the user with the best expected rate or a group of users 
with the best Sum-rate, the weighted rate or Sum-rate is usu 
ally considered in the practical system to ensure a certain 
fairness among all users in the serving cell. One popular 
approach is PF scheduling. Denote R(t) and T(t) as the 
instantaneous data rate and the average throughput of the kth 
user at the tith timeslot, respectively. The PF scheduler selects 
users which maximizes the sum of the logarithms of the 
average throughputs, i.e., max X log T. (t+1) for the trans 
mission in the next time slot. 

For the SU transmission case, only one user will be sched 
uled for transmission in one orthogonal resource block, i.e., 
U={k}. Following the PF scheduling rule, the user k is 
selected by 

(13) 

Here we can see that the weight is the inverse of the user's 
average throughput. Then the average throughput is updated 
by 
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1 1 (14) 
( T. () -- R(t), k = k 

T. (t + 1) = 
ki-k 

where t is the window size for calculating average through 
put. 

For MU transmissions, under proportional fairness, i.e., 
maximizing the Sum of the logarithms of the average through 
puts, the set of co-scheduled users is determined by 16 

Ru(i) 
U* = agmarl (1 -- ( - 1)T(t)- 1)T(t) 

), (15) 

where R, denotes the rate ofuserkeU and U is the candidate 
of the scheduled user set. Ifa user has a transmission rank rol, 
the rate of this user R(t) is the sum rate of all r data streams. 

If the rate of user k does not depend on the rate of other user 
jeU, jzk, on the co-scheduled streams, the set of users that 
maximizes X, log T(t+1) among all possible choices of user 
selections can be simplified as 

(16) its). L = argnx X ( Ti(t) 
kei 

The average throughput of user k for MU transmissions is 
then updated by 

1 1 17 
(-)T(t)+R(t), ket (17) 

T. (t + 1) = 1 t 

(-)T(t), k Elf". 

In this paper, we use the rule in (16) as the PF scheduling 
criterion for sake of the simplicity. 

4.2 SINRApproximation at the Base Station 

For SU or MUMIMO transmissions, the instantaneous rate 
R(t) can be obtained by 

k (18) 

R. (1) = X(1 + sinrik ()), 

where sinr(t) can be obtained directly from the SINR feed 
back which is obtained from (7) in SUCSI report or from (10) 
in MU CSI report. However, using the SINR feedback to 
obtain the instantaneous rate for rate matching in MU-MIMO 
is not accurate because when computing SINRS, the user does 
not know in advance the exact precoders for the co-scheduled 
users. The user either neglects the interference from the co 
scheduled streams by sending the SINR value based on SU 
MIMO transmissions as in SU report or computes and reports 
SINRs based on an estimate of covariance from the interfer 
ing streams as in MU report. However, when scheduling the 
users, the base station knows the exact precoding matrices 
that will be used for all co-scheduled users. The base station 
is thenable to recalculate the SINRs for co-scheduled streams 
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12 
based on the choice of user set and associated transmit pre 
coders. Unfortunately, the base station does not have full 
knowledge of the channel state information from all users. We 
provide some methods for computing the estimate of SINRS 
with the exact precoders. We first introduce a simple SINR 
approximation, i.e., SINR scaling, using the approximate 
channel covariance based on CSI report. Then we provide the 
SINR approximations using the approximate MIMO channel 
for different receivers. 

4.2.1 SINR Scaling 

Suppose the base station considers co-scheduling Q users 
in one resource block, i.e., |U|=Q. Denote G, as the reported 
precoder from userjwith the rankfj=1,..., Q. Denote H, 
as the channel seen by userj. Let V, be the transmit precoder 
that the base station intends to employ for the user j, where 
V. V. . . . . V, l with unit norm for each column, i.e., 
|v I-1. Define AA V6IV, ... , Velas the overall precoding 
matrix for MU-MIMO transmissions, where p is the power 
per layer, i.e., p-p/S with S-X, r, being the number of 
columns in A, i.e., the total number of streams that base 
station intends to co-schedule. If the channel information 

{H} is perfectly known at the base station, assuming 
linear MMSE receiver, the exact SINR for the ith stream of 
the jth user can be computed by 

(19) 

r -l a = py; H (1 + HiAA' H) 'Hiv, (20) 

With matrix inverse lemma, we can rewrite C, as 

C. (I+ASA)'ASAJs - 
fi, 

i-1,..., i re-is-r'ri 
(21) 

where S–H.H., and II, denotes the entry of a matrix at the 
mth row and the nth column. 

Since the perfect channel information H, is not available at 
the base station, to compute the true SINR in (19) based on the 
CSI feedback, we apply the following approximation 

(22) 

where DS, diag(y ly: ' ' ' 'Y',} and Y are the SINR feedback 
for the ith stream of userj. Here 

Si 

for SU reports and 

for MU reports, respectively. 
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4.2.2 SINRApproximation with Approximate 
MIMO Channel 

In this section we provide a method for computing an 
estimate of the SINR (per-RB) for each co-scheduled stream 
in each choice of user set with the channel approximation 
based on quantized CSI report available at the base station. 
While the method can be readily extended to allow for co 
scheduling of an arbitrary number of streams using arbitrary 
transmit precoders, here we restrict our attention to all pos 
sible SU-MIMO configurations along with the practically 
possible MU-MIMO configuration, which is co-scheduling a 
user-pair with one stream per-user. 

Note that the base-station has access to {G, D} but does 
not know the actual channel seen by user-j. Due to the finite 
resolution of the quantization codebook, the component of 
the user-channel matrix that lies in the orthogonal comple 
ment of the range of the reported precoder matrix G, is 
unknown to the base-station. Further, the user-reported quan 
tized SINRs are computed under the assumption that the 
base-station will employ the precoder matrix G, and together 
they encode the effective channel gains that will be seen by 
the useriff, streams are transmitted along the columns of G. 
With these observations in mind, we propose to approximate 
the channel seen by user-jas 

H=(G+Q.R.).D.' 
where Q, is an MXM-r, semi-unitary matrix whose columns 
are a basis for the orthogonal complement to the range of G, 
R, is an Mix, matrix which satisfies the Frobenius-norm 
constraint||R1 self, where e can be determined based on the 
size of the quantization codebook and the channel statistics. 
Now, in case of SU-MIMO scheduling (when Q=1) V, is a 
submatrix of G, formed by a particular subset of its columns. 
This column subset is uniquely determined given G, and the 
transmitted rank r. We first offer the following result 
Lemma 1 Under SU-MIMO scheduling, the true SINR seen 
by user-jfor its i' stream, sinr, can be lower bounded by 

(23) 

sinra (f/r)Y., 1sisr. (24) 

Next, in case of MU-MIMO scheduling let v 1sjs2 
denote the two normalized transmit precoding vectors, 
respectively, with Au, ul-Vp/2v, Val denoting the 
intended transmit precoder. We impose no restriction on how 
these transmit vectors are derived from the user reported 
precoders and quantized SINRs. Some typical methods are 
Zero-forcing beam forming and maximum signal to leakage 
noise ratio (i.e., max SLNR) based beam forming 17, 18. We 
offer the following result, where without loss of generality we 
consider user-1. 
Lemma 2 Under MU-MIMO user pairing, the worst-case true 
SINR seen by user-1 for its stream, sinr" is given by 

(25) -l 
u Hi (I -- Hulu, H) Hit 

Then, defining C(i), AQ (x) (fD '), r–vec(R), d(f)= 
fID'Gu-1, fl), 'Giful", the worst-case true SINR can 
be lower bounded as 

where a is the solution of the following SDP. 
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mint + 6 (26) 
(.6.f. 

t – a d(f) O (27) 
s.t. d(f) -eC(f) > 0, 

() -eC(f) AI 

8 f (28) 
> 0 , 

Another simplified model is also possible. Here we assume 
that the channel output seen by user-1 can be modeled as 
follows. 

where m-CN(0, I). Note that in (29) we essentially assume 
that the uncertainty in the channel affects only the interfering 
Stream. 

For this model, let us first determine the true worst-case 
SINR seen by user-1 assuming that it employs the MMSE 
receiver. The worst-case SINR can now be written as 

| ali2 at Di Giti (30) if a., a 2 min uG bit + Hyusui Hi) 
Rec-1*1:IR se2 

Lemma 3 Under MU-MIMO user pairing and the model in 
(29), the worst-case true SINR seen by user-1 for its stream 
can be lower-bounded as follows. Defining 
c(f)=u'O, (x. (D/2), r–vec(R), d(f)=fD, 'Gifu, the 
worst-case true SINR is lower bounded by b, where b is the 
solution of the following optimization problem. 

3X (31) 

b - a d(f) O 
s.t. d(f) t -ec(f) > 0, 

() -ec(f) Al 

8 f 
- 0, 

b'+ 0 <a, 
a li2 a. 

fD Gui 2 at 

(31) can be solved using a bisection search on T wherein an 
SDP in the remaining variables is solved for each fixed choice 
oft. 

Let us now consider the MRC receiver (i.e., user-1 uses the 
linear combineru,G,D,') and the model in (29). Now the 
worst-case SINR can be expressed as: 

as a : (32) 

which can be simplified as 
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as a y (33) 
a a -a a a 2 |46, bit (4G, D, Giult cle 6, b|oul) 

For the MRC receiver, we can extend the above SINR 
approximation to a general case of Q users (Qa2) with the 
precoding matrix U employed for the kth user. The signal 
model received at user-1 in (34) can be rewritten as 

(34) 

User-1 then applies the linear combiner for the ith stream 
u,G,D,', where u, denotes the ith column of the precod 
ing matrix U. The worst-case SINR can be expressed as: 

|a,6, b." (35) 
" if a, al/21°. If a, a a, , , 12. Rec''11: Rise? |u, G, D +|u G, DGUI + 

O a la 2 

X|u, G. D. H.U.I 
k=2 

where U. denotes the matrix obtained from U, with the 
removal of the ith column. By separating each layer from 
interfering users and applying (33), we can obtain the lower 
bound of (35), given by 

Alf2. 

if a., all 2 as a a f | u, G D || + ||u GD GUI || + 
Q it 

= 

as a 2 
euil G D || || Quik |) 

With ZF precoding, we can simplify (35) as 

Alf2. 

if a., all 2 as a a f | u, G D || + ||u GD GUI || + 
O a la 

el uGD| Ana (Qi U) 

where (Q, U.) denotes the maximal eigen value of 
UQ, Q, U. The proof of (37) is given as follows. 
Proof: Denote I, Iu, G, D, 'H, U.I. From (23), we have 

foL5R. Of U.’, (38) 
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where the second equality follows from G, U-0 for kz 1 due 
to ZF precoding. We drop the subscripts and let IIIb RZ, 
where 

t Au G, D, 

and 

ZAO, U , 

Define 

A 
b' e b, 0,..., O. 

We letb*=b U and obtain the SVD decomposition of Z, given 
by 

Z= WAff, (39) 

where U, W, and V, are unitary matrices, and A is the matrix 
in which the diagonal elements are the ordered singular val 
ues of Z and all other entries are Zeros. We then have 

y = |50 RWA VIP = (40) 

| 5 RA| = | b|| ||A| = | b|X|Ri?ori. 
i 

We assume O, O.'s . . . . Since||rs|Rise, we have 

i 

Therefore, we obtain the expression in (37). 
To set e with a reasonable value, we can first the statistics 

of RI, based on a certain channel model, which is explained 
in Appendix A in detail. We can also set e according to its 
statistics obtained directly from the simulations. 

5 MU-MIMO PERFORMANCE 
ENHANCEMENTS FOR PRACTICAL 

CONSIDERATIONS 

5.1 SINR Mismatch and SINR Offset 

5.1.1 SINR Mismatch Performance of SU and MU 
CSI Reports 

As aforementioned, there is a mismatch between the chan 
nel SINR feedback and the actual SINR that the user sees after 
being scheduled. The SINR feedback in the SU CSI report 
assuming SU-MIMO transmission results in a large SINR 
mismatch if the MU-MIMO transmission is scheduled. The 
MU report is presented in Section 3.2 to mitigate such SINR 
mismatch. We now evaluate the SINR mismatch performance 
for the SINR feedback in both SU and MU feedback reports. 
For each type of channel report, we consider the following 
three cases, namely, the SU-MIMO transmission, 
MU-MIMO transmission, and the MU-MIMO transmission 
with SINR scaling and ZF beam forming. The cumulative 
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distribution function (CDF) curves of the SINR mismatch for 
these cases are illustrated in FIG. 6. We know that the perfect 
SINR feedback will result in a zero value of SINR mismatch. 
Consequently, the CDF curve of the SINR mismatch for the 
perfect channel feedback is a unit step function. Therefore, 
the SINR mismatch CDF curves for better SINR feedback at 
the user end or SINRapproximation at the base station should 
be closer to the unit step function. The positive value of the 
SINR mismatch means that the SINR reported by the user is 
larger than the actual receive SINR when the corresponding 
stream is transmitted. Using such overestimated SINR feed 
back for rate matching or MCS assignment will cause the 
decoding error at the receiver and incura retransmission. The 
negative value of SINR mismatch indicates that the SINR 
feedback underestimates the actual SINR. Although the 
transmitted data stream with the rate matching based on the 
underestimated SINR can be decoded at receiver, the 
assigned data rate is lower than what the channel can actually 
Support, which causes performance degradation. 

Based on above discussions, we can see from FIG. 6 that 
the SINR feedback in SU reports provides the best estimate 
for the actual SINR. However, the SU report results in a 
extremely large SINR mismatch when MU-MIMO transmis 
sion is scheduled. The most portion of the SINR mismatch for 
Such case is in the positive region, meaning that neglecting the 
interference from co-scheduled users is too optimistic on the 
SINR feedback. With SINR scaling, the SINR mismatch is 
slightly improved. On the contrary, we can see that with the 
MU report, the SINR mismatch is significantly improved over 
the SU report. Although the performance of MU report for 
MU-MIMO is not as good as the SU report for SU-MIMO 
transmissions, its SINR mismatch CDF curve is very close to 
that of SU-MIMO with SU report, indicating that the MU 
feedback provides a good estimate of SINR for the MU 
MIMO transmission even the user does not have the knowl 
edge of precoding matrix for the co-scheduled streams in 
advance. With SINR scaling, the SINR computation for MU 
MIMO transmission is further improved. The SINR mis 
match CDF curve is almost overlapped with that of SU report 
for SU-MIMO. However, a large mismatch observed for the 
SU-MIMO transmission with only the MU CSI report. We 
can see that the SINR feedback in the MU report is mostly 
smaller than the actual SINR value that user sees after being 
scheduled, which will incur performance degradations due to 
the channel underestimation. 

5.1.2 SINR Mismatch Remedy for SU and MU 
Reports 

With signal-to-interference-plus-noise-ratio SINR mis 
match results for different scenarios, we can come up with a 
simple remedy for the SINR mismatch by applying offset 
value to the SINR feedback (in dB). The SINR offset can 
be user-specific or uniform among all users. For the SINR 
feedback in the SU report, when MU-MIMO transmission is 
scheduled, before the rate matching, we apply a negative 
offset on the SINR feedback on the SINR feedback directly or 
on the SINR computed after SINR approximation described 
in Section 4. If the SINR offset is applied before the SINR 
approximation, D, in (22) becomes D, CAS, diag{Y. . . . . 
Yr,}. On the other hand, when SU-MIMO transmission is 
scheduled based on the SINR feedback in the MU report, we 
simply apply a positive offset on the SINR feedback. Note 
that the SINR offset is applied only when the type of SINR 
feedback is different from the MIMO transmission mode 
eventually being scheduled by the base station. As discussed 
above, the SINR feedback from SU report provides a good 
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match for SU-MIMO transmissions, so does the SINR feed 
back from MU report for MU-MIMO transmissions. We then 
do not need to apply any SINR offset for these two cases. 
The CDF curves of the SINR mismatch after applying a 

SINR offset are illustrated in FIG. 7. For MU-MIMO with SU 

reports, a uniform A-4 dB SINR offset is applied to the 
SINR values before or after the SINR scaling. For the SU 
MIMO transmission with MU reports, a uniform AF-1.5 dB 
is added to the feedback SINR. From this it can be seen that 

the simple uniform SINR offset can improve the SINR mis 
match performance significantly. For MU-MIMO with SU 
reports, the SINR mismatch results for the offset applied 
before and after SINR scaling area little bit different. The one 
applied before SINR scaling is slightly better as it is closer to 
the unit step function. However, compared with the perfor 
mance of the MU report, the SINR mismatch CDF curve after 
applying a SINR offset for the SU report in MU-MIMO 
transmission is still quite off the step function with larger tails 
in both the positive and negative regions. If we compare the 
effects between the SINR overestimation (SINR mismatch in 
the positive region) and underestimation (SINR mismatch in 
the negative region), we find that the performance loss caused 
by SINR overestimation is more than that caused by the SINR 
underestimation. The rationale behind this is that the current 

commonly used scheduling algorithm is inefficient on the 
resource allocations for retransmissions as the SINR overes 

timation will mostly result in a retransmission which doubles 
the usage of channel resources for the same data sequence 
while the SINR underestimation only incurs a small factional 
rate loss. 

Search for Optimal SINR Offset: 
Although it is more reasonable to apply the SINR offset 

before the SINR scaling, i.e., directly on the SINR feedback, 
it is more flexible and less complex for the base station to 
apply the SINR offset after SINR approximation (before the 
rate matching or MCS assignment) so that base station can 
easily adjust the offset value and combine it with outer loop 
link adaptation (OLLA). For the SINR offset after ZF beam 
forming, we can numerically find a good value from the SINR 
mismatch evaluations. We have collect N samples of SU 
reports with SINR scaling and ZF beam forming sinr, and the 
corresponding actual SINR that user experiences sinr, in 
MU-MIMO transmissions. Assuming that Chase combining 
hybrid automatic repeat request (ARQ) is employed, given a 
SINR offset the average spectral efficiency in a cell can be 
approximated by the average rate of N samples, given by 

(42) 
log, (1 + gasinr,) 1(LCC) s LM) 

LCC) 

Ws 

-- 1 X. R = - 
N 

where 1() is the indicator function, L.--Casinr/sinr, is 
the number of retransmissions required for Successfully 
decoding at the receiver, and L. denotes the maximum num 
ber of retransmissions allowed in the system. We evaluate the 
average rate from the samples for difference values of A and 
find the one with the best output. 
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If hybrid ARQ with incremental redundancy (IR) is 
employed, the average rate can be written as 

W 43 

log, (1 -- 4Asini,) (iR) (43) 
— to (L's Lif), 

Ws 
R 1 

N. 
=l 

where L'-log.(1+Casinr.)/log.(1+sinr.). 
5.2 User Pooling 

5.2.1 User Pooling for Feedback Mode Selection 

In LTE-A Systems, dynamic Switching between 
SU-MIMO and MU-MIMO transmissions is supported. As 
shown in Section 5.1, when feedback is computed assuming 
a different transmission mode, a severe SINR mismatch 
occurs, particularly for the case of MU-MIMO scheduling 
based on SU CSI reports. Although a simple uniform SINR 
offset can alleviate such mismatch, the large tails on both side 
of the CDF curves will still cause a certain performance loss. 
Since the MU reports provide betterestimate of the SINR for 
MU-MIMO transmissions, the better solution would be that 
both types of CSI reports are available at the base station. 
However, the feedback channel resource is expensive and 
limited. To overcome this problem, we can perform a user 
pooling for feedback mode selection as follows. 
As we know, the performance gain of MU-MIMO is mostly 

achieved in the high SNR region. Therefore, we pool the users 
into two groups. For the low geometry users who are mostly 
away from the base station, we do not need to schedule them 
for MU-MIMO transmissions so that only the SU report is 
needed. For high geometry users who are close to the base 
station, we request them send the MU CSI report or both SU 
and MU reports. Since the pathloss on the transmit power is 
inversely proportional to the square or cubic of the distance, 
the low geometry users usually have Smaller values on the 
average SNR than the high geometry users. Hence, we 
impose a SNR threshold, SNR, on the long-term average 
SNR which is available at the base station. For the users with 
the long-term average SNR smaller than SNR, we request 
only the SU report from them. For the users with the long 
term average SNR larger than SNR, we request the MU 
report or both SU and MU reports from this group of users. 
Note that if we only request the MU report for high geometry 
users, the amount of feedback resource will be the same as 
that for the SU-MIMO systems. The only signal overhead 
would be the signaling for the feedback mode selection which 
can be sent in a semi-static manner. 

5.2.2 User Pooling for Scheduling 

Similarly for selection of the feedback reports, we can also 
apply the userpooling at the base station when the pairs users 
for MU-MIMO in the scheduler. Again, we pool the active 
users into two groups. For one group of users, we only sched 
ule them with SU-MIMO transmissions. For the other group 
ofusers, we schedule them with dynamic switching between 
SU-MIMO and MU-MIMO transmissions. We consider the 
following three metrics for user pooling. 

Long-Term Average SNR: 
If only one type of channel report at the base station, 

similarly as user pooling for feedback mode selection, 
we group users by imposing a threshold SNR, on the 
long-term average SNR. We put a user with long-term 
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average SNR below the threshold SNR, into the pool of 
which the users will be scheduled only for SU-MIMO 
transmissions. Only for the user has a long-term average 
SNR above the threshold SNR, we put it into the pool 
of users enabled for MU pairing. 

Instantaneous SINR: 
Long-term average SNR only indicates the average chan 

nel quality of the user. With the small-scale fading, the 
channel quality varies in a short time scale. Therefore, 
instead of long-term average SNR, the instantaneous 
SINR can also be the metric for userpooling. The instan 
taneous SINR can be obtained by the channel feedback 
from either SU report or MU report. Since feedback RI 
f can be greater than one, we then consider the follow 
ing rule to obtain the instantaneous SINR. We first obtain 
the sum rate R, from the CSI feedback for all r streams 
for the user. We then obtain the mapped SINR for user 
pooling from the sum-rate R or rate per layer R/r, 
respectively given by 

sinr=2k-1 or sinr=2&1. 

We then compare the sinr, with the threshold SNR for 
user pooling. 

Weighted Sum-Rate: 
Since a weighted rate, i.e., the normalized instantaneous 

rate R/T, is used as the PF scheduling metric, it is then 
natural to consider it as the user pooling metric. Simi 
larly as before, we can first map the value R/T to a 
SINR value by sinr=2'-1 then compare it with the 
threshold for user pooling. 

Please note that even with two types of feedback reports 
from a group of users or all active users, we can still employ 
Such user pooling for the scheduling to improve the system 
throughput performance. The performance gain may be much 
Smaller, though. 

(44) 

6 SIMULATION RESULTS 

We now evaluate the MU-MIMO performance with the 
different types of channel reports and the enhancement meth 
ods described in Section 4 and Section 5 via system level 
simulations of a MIMO-OFDM system. The simulation 
parameters are summarized in Table 1, FIG. 13. 

6.1 Performance of MU-MIMO with SU Report 

We first consider the MU-MIMO with only the SU CSI 
report. The cell average spectral efficiencies and the 5% cell 
edge spectral efficiencies of MU-MIMO performance for 
various settings have been determined. The SU-MIMO per 
formance is also included for comparisons. The SINR scaling 
and ZF beam forming described in Section 4 are employed for 
all settings. For some cases, the SINR offset and userpooling 
are applied to improve the system throughput. Since there is 
only one type of CSI report available at the base station, the 
userpooling is only applied in the scheduler. We set SNR-7 
dB as the pooling threshold. It can be seen that without any 
processing on the SU report, the average cell spectral effi 
ciency performance of MU-MIMO is much worse than that of 
SU-MIMO. With a simple -4 dB SINR offset, the spectral 
efficiency performance is improved significantly but still 
below the SU-MIMO mark. We can see that with userpooling 
based on the long-term average SNR and instant SINR, the 
performance of MU-MIMO is further improved and the gain 
of MU-MIMO over the SU-MIMO transmission is then real 
ized. We then set a rank restriction, i.e., r=1, in the simu ra 

lation so that users only report the PMI of the best rank-1 
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precoding vector and the associated SINR. As can be seen 
from Table 2, FIG. 13, the performance of the user pooling 
based on instant SINR and long-term average SNR improves. 
The best spectral efficiency performance with rank-1 restric 
tion is from the user pooling based on long-term average 
SNR, which is about 11.5% improvement over that of SU 
MIMO. 
We now evaluate the performance spectral efficiency as a 

function of the SINR offset A. We consider the case of user 
pooling with long-term average SNR and rank-1 restriction. 
The normalized rate or spectral efficiency over the maximum 
value is shown in FIG. 8. The estimate average rates with 
Chase combining and IR based hybrid ARQ are obtained 
using (42) and (43), respectively, from the simulations for the 
SINR mismatch evaluation. The system level simulation 
results with Chase combining are also plotted. We can see that 
the normalized spectral efficiency matches quite well with the 
estimated rate. The optimal operation point is at about 
A 3.25 dB with the corresponding spectral efficiency being 

2.4227. Similarly, we can also find the better threshold for 
user pooling. However, we do not have a simple scheme 
except completely relying on simulations. We consider the 
same case as above, i.e., SU report employing user pooling 
based on long-term average SNR and rank-1 precoding 
restriction. We find that we can further improve the perfor 
mance of MU-MIMO with average cell spectral efficiency 
being 2.4488 by using 12 dB as the pooling threshold. 
Performance Improvement with MRCSINRApproximation 
We now present the performance of SINR approximation 

using channel model given in (23). Due to high complexity of 
SDP optimization, we consider the signal model in (29) and 
SINRapproximation for MRC receiver given in (33). The key 
issue of MRCSINR approximation for better rate matching is 
to find a good setting one. To achieve this, we obtain sample 
values of e from the simulator by matching the approximate 
MRC SINR with the actual SINR from the MMSE receiver. 
The CDF curve of e is illustrated in FIG.9. with r=1. Due 
to the channel uncertainty and outdate, it is possible that we 
obtain some negative values fore. With this CDF curve, we 
can set the e' or e value corresponding to different CDF 
percentages. In FIG. 10 we illustrate the SINR mismatch 
CDF curves for MRCSINR approximations with different e 
settings. For each CDF curve, a unique SINR offset is applied 
so that the 60% CDF point is moved to the Zero point of the 
SINR mismatch. The case of e=0 is also included in the figure, 
which corresponds to previous case of the simple SINR scal 
ing and the MMSE receiver. We can see that e corresponding 
to the 70% CDF value provides the best performance in the 
positive region of SINR mismatch (SINR overestimate) 
which is closer to the step function than other settings. How 
ever, the simple SINR scaling, i.e., e=0, shows better perfor 
mance in the negative region of SINR mismatch (SINR 
underestimate). Therefore, a tradeoff is necessary in both 
regions to have better performance. From FIG. 10 we can see 
that e corresponding to the 50% CDF value could be a better 
choice. The results of cell average spectral efficiency for 
different e values are shown in FIG. 11 without user pooling. 
The value of e=0.1654 corresponds to the 50% CDF value of 
e. The spectral efficiency for MRCSINR approximation with 
e=0.1654 is 2.4954, which is close to the optimum. We 
include this result in Table 2, FIG. 15. Also seen from Table 2 
instant SINR feedback based user pooling, we can further 
improve the performance of MRCSINR approximation. The 
resulting spectral efficiency is 2.5141, a 17% gain over SU 
MIMO. 
We now evaluate the statistics of e” for r. 2. The result 

ing CDF curves are shown in FIG. 12. Since we consider 
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up-to two-user pairing, we have total four scenarios, i.e., (r. 
r)=(1,1), (1,2), (2,1), and (2.2). We present the CDF curves 
for each scenario separately. Moreover, for the scheduled 
users with two layers, we illustrate the CDF curves separately 
for e obtained from SINR matching for two layers. From 
FIG. 12. a diversee is observed for the second layers for both 
(r=2, r. 1) and (r=2, r2) cases, indicating a huge SINR 
mismatch for the data stream transmitted in the second layer. 
This is due to the co-polarized antenna setting with Small 
antenna spacing, which is usually rank deficient. The receive 
SINR of the second stream is much smaller and suffering 
more by the interfering streams from co-scheduled users. 
Therefore, for the co-polarized antennas, it is better to pair the 
user with rank-1 transmissions. 

6.2 Performance of MU-MIMO with MU Report 

We now consider MU CSI report with the assumption of 
uniform power allocation. With both types of CSI reports can 
be obtained at user terminals, we can apply user pooling 
technique to configure the report mode of user terminal. We 
can let high geometry (HG) user terminals, i.e., the users with 
larger long-term average SNR, send back either MU CSI 
report only (without additional feedback channel resource) or 
both SU and MUCSI reports (with additional feedback chan 
nel resources) to the base station. Then at base station, we can 
also employ user pooling technique to schedule either SU or 
MU-MIMO transmissions based on the instantaneous chan 
nel feedback. FIG. 13 illustrates the performance of the aver 
age cell spectral efficiency for MU-MIMO with various 
report configurations, namely, MU report by all users, MU 
report by HG users without user pooling in the scheduler 
(denoted as case 1), MU report by HG users with userpooling 
and SINR offset for SU transmissions (denoted as case 2), 
both MU and SU report by HG users, the MU report and SU 
CQI report by HG users, and finally the SU report plus MU 
CQI report by HG users. We impose rank-1 restrictions on the 
CSI feedback. We can see from FIG. 13 that with MU CSI 
reports from all active users and without any additional pro 
cessing, the average cell spectral efficiency is 2.3321 which is 
about 8.5% gain over the SU-MIMO. If high geometry users 
send back MU CSI reports and others send SU reports, the 
performance is improved with the average cell spectral effi 
ciency being 2.5572 now, about 19% higher than that of 
SU-MIMO, and also about 2.5% higher than the MU-MIMO 
performance (without pooling) with only the SU reports from 
all users. If we apply the user pooling when performing user 
pairing for MU-MIMO based on the instantaneous feedback 
and also employ the SINR offset of A +1.5 dB on the MU 
SINR report when SU-MIMO is scheduled, the average cell 
spectral efficiency is then 2.65.17, a 23.4% gain over the 
SU-MIMO and a 6.3%gain over the MU-MIMO with SUCSI 
reports. When both MU and SU complete CSI reports from 
HG users are available at the base station, the spectral effi 
ciency becomes 2.694 with the cost of additional feedback 
channel resources. However, if we request only the CQI feed 
back for one type of report instead of full CSI reports to 
reduce the feedback overhead, the performance degradation 
is negligible. For example, with MU CSI and SU COI reports 
from HG users, the spectral efficiency is 2.693, or with the SU 
CSI and MU CQI from HG users, the spectral efficiency is 
2.6814. For both cases, the performance degradation is less 
than 0.5%. The detailed values including 5% cell edge spec 
tral efficiency are provided in Table 3, FIG. 16. We can see 
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that the cell edge performance is also improved with user 
pooling, SINR offset, and additional channel report. 

6.3 Performance of MU Report Based on 
Nonuniform Power Allocation 

Now we consider the MU report based on nonuniform 
power allocation. Here, the 4-bit CQI feedback is applied. 
The performance of MU-MIMO for both uniform and non 
uniform power allocations with various settings on the chan 
nel feedback is listed in Table 4, FIG. 17. The percentage in 
the parentheses is the gain over the MU-MIMO with the SU 
report given in the second row. For the nonuniform power 
allocation, we set the power allocation factor C. 0.5. Again 
we impose rank-1 restrictions on all channel feedbacks. It is 
observed from Table 4 that for all settings, the channel feed 
back based on the nonuniform power allocation provides 
better spectral efficiency performance than the corresponding 
uniform power allocation with about 1-3% improvement. 
Compared with the performance of SU report, the perfor 
mance gains are about 5-6.5%, which is impressive from the 
system level point of view. 

7 CONCLUSIONS 

In this paper, we have considered the performance 
improvement for practical DL MU-MIMO transmission with 
linear procoding and quantized channel feedback. Two types 
of channel reports from user terminals are treated, namely, the 
SU report assuming SU-MIMO transmissions and the MU 
reports assuming MU-MIMO transmissions. We have intro 
duced several techniques to improve the MU-MIMO perfor 
mance including SINR approximation, SINR offset, user 
pooling, and non-uniform power allocations in conjunction 
with various settings of CSI reports. The performance of 
proposed techniques has been evaluated by the system level 
simulations and the numerical results have demonstrated the 
efficiency of the proposed techniques for the performance 
enhancement on MU-MIMO. 

APPENDIX ASTATISTICS OF||R1 

For a channel matrix H we obtain its SVD decomposition 
as H=UAV. If the user preferred precoder has a rank 
rsmin{N, M, we then assume that the user chooses to 
receive only along the span of its first r (r dominant) receive 
(left) singular vectors so that the model post-projection at the 
user is given by 

where H is an rxM complex-valued matrix with SVD 
H=UAV, where V is an MXr matrix containing ther domi 
nant right singular vectors of H. The precoder selection based 
on the Chordal distance is then given by 

r W - W A.2 G = arg and (V, G) Farg pur tr (V GIG V), (A.2) 

where tr denotes the trace of a matrix. We then decompose V 
as the Summation of its components in the Subspace of the 
reported semi-unitary precoder Gand in the orthogonal sub 
space G', given by 
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where X is a unitary matrix withXX=I and QQ-I-GG. So 
V=AXG'+BO. Since tr(VV)=tr(VfV)=r, we then have 

To normalize the projection to the subspace of G, we then 
have 

V = itr(AA) AX G'+ BO (A.6) 
Viraatyr w tr(AA)/r 

Therefore, from the channel approximation in (23), we have 

Bf (A7) 
R = - 1 =. 

w tr(AA)/r 

We then obtain 

2 - Y - Y - (A.8) 
| RIE = tr(RR) = ...tr BB ) = traat' tr(AA)) 

Hence, given a channel matrix H, we first find V and the 
preferred precoder G, then obtain||RI. by (A8). By gener 
ating the channel based on a certain channel statistics, we can 
obtain the statistics of IRI, and set areasonable upper bound 
e for the SINR approximation described in Section 4.2. 

Since I-GG'=QQ', we can obtain Q by QR decomposition 
of I-GG. 

Having described preferred embodiments of a system and 
method (which are intended to be illustrative and not limit 
ing), it is noted that modifications and variations can be made 
by persons skilled in the art in light of the above teachings. It 
is therefore to be understood that changes may be made in the 
particular embodiments disclosed which are within the scope 
of the invention as outlined by the appended claims. Having 
thus described aspects of the invention, with the details and 
particularity required by the patent laws, what is claimed and 
desired protected by Letters Patent is set forth in the appended 
claims. 
What is claimed is: 
1. A method for improving multiple-input multiple-output 

(MIMO) downlink transmissions, the method comprising: 
obtaining a channel state information (CSI) report includ 

ing preferred matrix index (PMI) for precoding, channel 
quality index (CQI) and rankindex (RI) at a base station 
from user terminals through a channel feedback; 

applying selectively a signal-to-interference-plus-noise 
ratio (SINR) offset to an SINR of said CSI report: 

applying selectively a rate matching responsive to said 
SINR offset or said CSI report; 

controlling or adjusting said SINR offset; and 
applying an SINR scaling approximation for computing an 
SINR when exact precoders for co-scheduled streams 
are decided or evaluated during a scheduling including 
multiuser (MU) MIMO pairing and resource allocation, 
responsive selectively to said CSI report or a second said 
SINR Offset. 
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2. The method of claim 1, wherein said rate matching is 
based on a multi-user (MU) CSI report directly if a multiuser 
(MU) MIMO is scheduled in said downlink transmission. 

3. The method of claim 1, wherein said SINR offset is 
applied to the SINR contained in the single-user (SU) CSI 
report or the SINR approximation based on the single-user 
(SU) CSI report before said rate matching ifa multiuser (MU) 
MIMO is scheduled in said downlink transmission. 

4. The method of claim 1, wherein said SINR offset is 
applied to the SINR contained in the multi-user (MU) CSI 
report or the SINR approximation based on the multi-user 
(MU) CSI report before said rate matching if a single-user 
(SU) MIMO is scheduled in said downlink transmission. 

5. The method of claim 1, wherein said controlling com 
prises a controller that is one of a unit of a scheduler or 
combined with a second controller. 

6. The method of claim 1, further comprising applying a 
Zero-forcing beam forming to said SINR scaling approxima 
tion if columns of an overall precoding matrix are not mutu 
ally orthogonal. 

7. The method of claim 1, wherein said SINR scaling 
approximation comprises a channel approximation, a signal 
model with approximated channel, an SINR computation and 
an SINR approximation. 

8. The method of claim 7, wherein said channel approxi 
mation comprises an approximation responsive to a semi 
unitary matrix whose columns are a basis for the orthogonal 
complement to a range of a reported precoder from a user, a 
matrix which satisfies a Frobenius-norm constraint influ 
enced by a size of a quantization codebook and channel 
statistics based in part on an SINR feedback for a particular 
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stream of respective user based on single user (SU) said CSI 
reports or multiuser (MU) said CSI reports, respectively. 

9. The method of claim 7, wherein said signal model with 
approximated channel comprises a same signal model 
expression as an original MU MIMO with channel matrix 
replaced by an approximation channel or a simplified model 
in which an introduced channel uncertainty affects only inter 
fering streams. 

10. The method of claim 7, wherein said SINR computa 
tion comprises computing an SINR for a respective receiver 
based on said signal model. 

11. The method of claim 7, wherein said SINRapproxima 
tion comprises, given a constraint on an uncertainty in a 
channel model, finding a conservative SINR as said SINR 
approximation for said rate matching and modulation and 
coding scheme (MCS) assignment. 

12. The method of claim 1, wherein said channel feedback 
comprises, responsive to some feedback channel knowledge, 
pooling of users by said base station into two or more groups 
with one group of users sending back quantized instant chan 
nel information assuming a single user (SU) MIMO is sched 
uled and another group of users sending back quantized 
instant channel information for assuming a multiuser (MU) 
MIMO is scheduled. 

13. The method of claim 1, further comprising, responsive 
to various channel feedbacks and a pooling metric, pooling of 
users is performed for selecting a user for multiuser (MU) 
MIMO pairing from which some users are considered for user 
pairing for MUMIMO transmission and other users are only 
considered for single user (SU) MIMO transmission. 


